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Abstract: During prophase of the first meiotic division, cells deliberately break their DNA1. These DNA
breaks are repaired by homologous recombination, which facilitates proper chromosome segregation and
enables the reciprocal exchange of DNA segments between homologous chromosomes2. A pathway that
depends on the MLH1–MLH3 (MutL฀) nuclease has been implicated in the biased processing of meiotic
recombination intermediates into crossovers by an unknown mechanism3,4,5,6,7. Here we have biochem-
ically reconstituted key elements of this pro-crossover pathway. We show that human MSH4–MSH5
(MutS฀), which supports crossing over8, binds branched recombination intermediates and associates with
MutL฀, stabilizing the ensemble at joint molecule structures and adjacent double-stranded DNA. MutS฀
directly stimulates DNA cleavage by the MutL฀ endonuclease. MutL฀ activity is further stimulated by
EXO1, but only when MutS฀ is present. Replication factor C (RFC) and the proliferating cell nuclear
antigen (PCNA) are additional components of the nuclease ensemble, thereby triggering crossing-over.
Saccharomyces cerevisiae strains in which MutL฀ cannot interact with PCNA present defects in forming
crossovers. Finally, the MutL฀–MutS฀–EXO1–RFC–PCNA nuclease ensemble preferentially cleaves DNA
with Holliday junctions, but shows no canonical resolvase activity. Instead, it probably processes mei-
otic recombination intermediates by nicking double-stranded DNA adjacent to the junction points9. As
DNA nicking by MutL฀ depends on its co-factors, the asymmetric distribution of MutS฀ and RFC–PCNA
on meiotic recombination intermediates may drive biased DNA cleavage. This mode of MutL฀ nuclease
activation might explain crossover-specific processing of Holliday junctions or their precursors in meiotic
chromosomes4.
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cerevisiae	 strains	 expressing	 PCNA-interacting	 peptide	 (PIP)	 box-like	mutated	50 
MutLγ	present	striking	defects	in	forming	crossovers.	Finally,	we	show	that	the	51 
MutLγ-MutSγ-EXO1-RFC-PCNA	 nuclease	 ensemble	 preferentially	 cleaves	 DNA	52 





























ATPase	motifs	 of	 either	 subunit	 individually	 or	 combined	 (Extended	Data	 Fig.	81 
1j,k)14.	We	observed	that	the	integrity	of	the	ATPase	domain	of	MLH1,	and	to	a	82 
much	lesser	degree	of	MLH3,	promoted	the	nuclease	activity	of	MLH1-MLH3	(Ex-83 






Yeast	 and	 human	 MutLγ	 complexes	 bind	 DNA	 with	 a	 preference	 towards	90 






vasions,	 which	 helps	 ensure	 their	 crossover	 designation16.	 In	 contrast,	 single-96 
stranded	DNA	(ssDNA)	or	dsDNA	was	not	bound	by	MutSγ	(Extended	Data	Fig.	97 
2b-f).	 Electrophoretic	 mobility	 shift	 assays	 demonstrated	 that	 the	 MutSγ	 and	98 
MutLγ	 complexes	moderately	 stabilized	 each	 other	 at	 the	 DNA	 junctions	 (Ex-99 
tended	Data	 Fig.	 3a-e).	 Accordingly,	 the	 respective	human	or	 yeast	MutSγ	 and	100 
MutLγ	complexes	directly	physically	interact	(Fig.	1b	and	Extended	Data	Fig.	3f-101 
h)17.	 The	 very	 slow	migration	of	 the	protein-DNA	 complexes	was	 indicative	of	102 


























To	 assess	 how	 the	 other	 human	 MutS	 homologue	 complexes,	 compared	 to	128 
MutSγ,	promote	the	activity	of	MutLγ,	we	supplemented	the	MLH1-MLH3	nucle-129 











Genetic	 experiments	with	 budding	 yeast	 revealed	 a	 structural	 (nuclease-inde-141 
pendent)	function	of	Exo1	in	the	Mlh1-Mlh3	pro-crossover	pathway5.	The	effect	142 
was	dependent	on	its	direct	interaction	with	the	Mlh1	subunit	of	MutLγ5,23,	but	it	143 
was	unclear	whether	 the	 interplay	directly	affects	 the	Mlh3	endonuclease,	and	144 
whether	this	function	is	conserved	in	higher	eukaryotes.	To	test	for	the	effect	of	145 
EXO1	 on	 the	 nuclease	 activity	 of	MLH1-MLH3,	we	 used	 the	 nuclease-deficient	146 
EXO1(DA)	variant	to	prevent	degradation	of	the	resulting	nicked	DNA	(Extended	147 



























when	using	 relaxed	DNA	 (Extended	Data	 Fig.	 7b,f),	 indicating	 that	 PCNA	must	174 
likely	be	actively	 loaded	onto	 scDNA	by	RFC10,24.	No	stimulation	was	observed	175 
when	using	yeast	instead	of	human	PCNA	(Extended	Data	Fig.	7b),	or	in	reactions	176 
with	manganese	(Extended	Data	Fig.	7g).	Thus,	while	MutLγ	on	its	own	is	a	poor	177 







necessary	 for	 the	nuclease	activity	of	 the	ensemble	and	 for	PCNA	 loading,	 and	185 
could	not	be	replaced	by	ADP	or	AMP-PNP,	showing	that	ATP	hydrolysis	was	re-186 
quired	(Fig.	2d,	Extended	Data	Fig.	7i).	In	contrast	to	the	reactions	in	manganese,	187 


























to	bind	DNA,	but	 the	mutants	became	partly	 refractory	 to	 stimulation	by	RFC-213 
PCNA,	 in	 particular	when	 the	 PIP-box-like	mutations	 of	multiple	 factors	were	214 
combined	(Fig.	3c,	Extended	Data	Fig.	8a-e).	Furthermore,	the	corresponding	mu-215 
tations	in	the	yeast	homologues	of	Mlh1	and	Mlh3	(Fig.	3b)	resulted	in	meiotic	216 


















ates	 by	 biased	 resolution-independent	 nicking	 of	 dsDNA	 in	 the	 vicinity	 of	HJs.	234 
Since	HJs	are	symmetric	and	their	resolution	can	yield	both	crossovers	and	non-235 
crossovers25,	 how	 is	 the	 crossover	 bias	 established?	As	MutSγ	 likely	 stabilizes	236 
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assays	 with	 MLH1-MLH3,	 MSH4-MSH5,	 EXO1(DA),	 and	 yRFC-hPCNA,	 as	 indi-407 
cated,	with	5	mM	magnesium	acetate	and	2	mM	ATP	at	37	°C.	Where	indicated,	408 
wild	 type	 MLH1	 was	 replaced	 with	 MLH1P	 (Q562A-I565A-F568A),	 wild	 type	409 



























ments	 were	 ligated	 into	 corresponding	 sites	 in	 pFBDM	 (Addgene)	 to	 obtain	435 
pFBDM-hMSH4co-STREP	and	pFBDM-hMSH5co-HIS,	respectively.	Both	plasmids	436 
were	then	digested	with	BamHI	and	HindIII	(New	England	Biolabs)	and	ligated	to	437 




the	 pFB-hMSH4co-STREP-hMSH5co-HIS	 vector	 was	 mutated	 with	 primers	442 
HMSH4G685A_FO	 and	 HMSH4G685A_RE.	 This	 created	 pFB-hMSH4coG685A-443 
STREP-hMSH5co-HIS.	 To	 prepare	 MSH5G597A,	 HMSH5G597A_FO	 and	444 
HMSH5G597A_RE	 primers	 were	 used	 to	 create	 pFB-hMSH4co-STREP-445 





hMLH1co_FO	 and	 hMLH1co_RE	 primers	 were	 used.	 The	 PCR	 product	 was	 di-451 
gested	 with	NheI	 and	 XbaI	 (New	 England	 Biolabs)	 and	 inserted	 in	 pFB-MBP-452 
MLH3-his11	 creating	pFB-FLAG-hMLH1co	(the	sequence	of	MLH3	was	removed	453 








HMLH33ND_RE.	 This	 created	 a	 sequence	 with	 3	 point	 mutations	 including	461 
D1223N,	Q1224K	and	E1229K	(NKHAADK,	mutated	residues	in	italics),	and	the	462 
resulting	 vector	 was	 pFB-MBP-MLH3co3ND-HIS.	 To	 disrupt	 the	 ATPase	 of	463 
hMLH114,	the	pFB-FLAG-hMLH1co	was	mutated	using	primers	HMLH1E34A_FO	464 
and	HMLH1E34A_RE.	This	created	pFB-FLAG-MLH1E34A.	To	mutate	the	corre-465 














To	prepare	pFB-hMSH2-FLAG,	 the	sequence	coding	 for	MSH2	was	amplified	480 
from	 pFB-hMSH233	 using	 primers	 HMSH2FLAG_FO	 and	 HMSH2FLAG_RE.	 The	481 
PCR	product	was	digested	by	BamHI	and	XhoI	(New	England	Biolabs),	and	cloned	482 
into	 corresponding	 sites	 in	pFB-MBP-Sae2	 (the	 sequence	of	MBP-Sae2	was	 re-483 
moved	during	the	process,	FLAG-tag	was	added	to	the	C-terminus	of	MSH2	and	a	484 
HIS-tag	from	the	original	construct	was	not	translated	due	to	a	Stop	codon).	485 





















The	 bacmids	 and	 baculoviruses	 were	 prepared	 individually	 using	 pFB-FLAG-506 
hMLH1co	 and	pFB-HIS-MBP-hMLH3co	 vectors	 according	 to	manufacturer’s	 in-507 
structions	(Bac-to-Bac	system,	Life	Technologies).	Spodoptera	frugiperda	9	(Sf9)	508 
cells	were	seeded	at	500,000	cells	per	ml	16	h	before	 infection.	The	cells	were	509 






ethylenediaminetetraacetic	 acid	 (EDTA),	 1	 mM	 phenylmethylsulfonyl	 fluoride	516 
(PMSF),	1:400	(volume/volume)	protease	inhibitor	cocktail	(Sigma,	P8340),	30	517 















































































































affinity	 gel	 (Sigma).	 The	 suspension	was	 incubated	 batchwise	 for	 60	min.	 The	625 
sample	was	centrifuged	(5	min,	1,000	g)	and	resin	was	transferred	to	a	disposable	626 
chromatography	column.	The	 resin	was	 then	washed	extensively	with	dilution	627 
buffer.	The	heterodimer	was	eluted	with	dilution	buffer	supplemented	with	200	628 
μg/ml	 3x	 FLAG	 peptide	 (Sigma).	 Eluates	 containing	 protein	 were	 pooled,	 ali-629 
quoted,	frozen	in	liquid	nitrogen	and	stored	at	-80	°C.	The	MSH2-MSH3	heterodi-630 
mer	was	prepared	using	the	same	procedure,	using	pFB-hMSH3-HIS35.	631 





























wash	 buffer	 II.	 Collected	 fractions	were	 analyzed	 on	 SDS-PAGE,	 peak	 samples	660 




































were	pooled,	 aliquoted	 and	 stored	 at	 -80	 °C.	 Yeast	 PCNA	was	prepared	 as	de-696 
scribed36.	697 
To	express	human	RFC,	the	Sf9	cells	(1.4	l)	were	infected	with	recombinant	698 




















estimated	 by	 the	 Bradford	method,	 and	 the	 sample	was	 incubated	with	 20%	719 
 23 







































































phor	 screens	 (GE	Healthcare),	 and	 scanned	by	Phosphorimager	 (Typhoon	FLA	789 
9500,	GE	Healthcare).	The	quantitation	was	carried	out	by	ImageQuant	software	790 


















MLH1	 antibody	 (Abcam,	 ab92312)	was	 captured	 on	 15	µl	 Protein	 G	magnetic	809 
beads	 (Dynabeads,	 Invitrogen)	 by	 incubating	 in	 50	µl	 PBS-T	 (PBS	with	 0.02%	810 














protein	 complexes,	 as	 above,	were	 then	 added	and	 incubated	 in	50	µl	 binding	824 
buffer	II	(25	mM	HEPES	pH	7.8,	3	mM	EDTA,	1	mM	DTT,	50	µg/ml	BSA,	80	mM	825 


















antibody	 (Abcam	ab223844)	was	 captured	on	10	µl	 protein	G	magnetic	beads	844 
(Dynabeads,	Invitrogen)	by	incubating	in	50	µl	PBS-T	(PBS	with	0.1%	Tween-20)	845 
for	2	h	at	4	°C	with	gentle	mixing	at	regular	intervals.	The	beads	were	washed	4	846 






























crossing	 to	 obtain	 the	 desired	 genotype.	 The	 following	 alleles	 have	 been	 de-876 
scribed	 previously:	 mlh1Δ,	 mlh3Δ	 as	 well	 as	 spore-autonomous	 fluorescent	877 
marker	for	the	live	cell	recombination	assays38,39.		878 




used	 to	complement	mlh1∆	or	mlh3∆	mutant	strains,	 respectively.	pYIplac211-882 
MLH1	and	pYIplac211-MLH3	were	linearized	and	integrated	in	the	promoter	re-883 
gion	 of	 the	 respective	 genomic	 loci.	 pYIplac211-MLH1Q572A-L575A-F578A	(pML538),	884 
encoding	Mlh1P,	and	pYIplac211-MLH3Q293A-V296A-F300A		(pML540),	encoding	Mlh3P,	885 
were	generated	by	restriction	digest-mediated	insertion	of	a	synthetic	fragment	886 
carrying	 the	 respective	mutations	 into	 pYIplac211-MLH1	or	 pYIplac211-MLH3.	887 
PCR-based	C-terminal	tagging	of	MLH1	and	MLH3	was	performed	using	standard	888 
procedures40.	889 







Briefly,	 cells	were	 grown	 in	 YPD	 to	 exponential	 phase.	 Exponentially	 growing	897 
yeast	were	inoculated	at	OD600	=	0.05	into	reduced	glucose	YPD	(1%	yeast	extract,	898 
2%	peptone,	1%	glucose)	and	grown	to	an	OD600	=	11-12	for	16-18	h.	Cells	were	899 




































targeting	 the	 following	 tags	 or	 proteins	 were	 used:	 mouse	 anti-FLAG	 HRP-935 












1	h	 at	 4	 °C.	 100	μl	 of	 PanMouse	 IgG	magnetic	 beads	 (Thermo	Scientific)	were	947 
washed	with	100	μl	lysis	buffer,	preincubated	in	100	μg/ml	BSA	in	lysis	buffer	for	948 
2	h	at	4	°C	and	then	washed	twice	with	100	μl	lysis	buffer.	The	lysate	was	cleared	949 
by	centrifugation	at	13,000	x	g	 for	5	min	and	 incubated	overnight	at	4	°C	with	950 
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formed	 experiments	 to	 define	 simultaneous	DNA	binding	 by	MLH1-MLH3	 and	1058 
MSH4-MSH5.	J.H.	performed	experiments	with	yeast	mlh1	and	mlh3	variants	mu-1059 


































nucleotide	 co-factors	and	 their	 analogs	 (0.5	mM).	Averages	 shown;	error	bars,	1093 
 34 
SEM;	 n=4.	 j,	 Purified	 MLH1-MLH3	 variants	 used	 in	 this	 study.	 MLH1(EA),	1094 























in	 this	 study.	b,	Electrophoretic	mobility	 shift	assays	with	human	MSH4-MSH5	1118 
and	indicated	DNA	substrates.	Asterisk	(*)	indicates	the	position	of	the	radioac-1119 
tive	label.	The	assays	were	carried	out	in	a	buffer	containing	2	mM	magnesium	1120 
acetate	without	 ATP.	 c,	 Quantitation	 of	 DNA	 binding	 assays	 such	 as	 shown	 in	1121 
panel	b.	Averages	shown;	error	bars,	SEM;	n=3.	d,	Electrophoretic	mobility	shift	1122 
assays	with	 yeast	Msh4-Msh5	and	 indicated	DNA	 substrates.	Asterisk	 (*)	 indi-1123 
cates	the	position	of	the	radioactive	label.	The	assays	were	carried	out	in	a	buffer	1124 
containing	2	mM	magnesium	acetate	without	ATP.	e,	Quantitation	of	experiments	1125 
such	 as	 shown	 in	 panel	 d.	 Averages	 shown;	 error	 bars,	 range;	 n=2.	 f,	1126 
 35 
Quantification	of	electrophoretic	mobility	shift	assays	with	yeast	Msh4-Msh5	and	1127 




























silver	 staining.	 Although	 interaction	 between	 yeast	 Msh4-Msh5	 and	 human	1156 
MLH1-MLH3	was	still	detected,	it	was	weaker	than	the	interaction	between	the	1157 
cognate	MSH4-MSH5	and	MLH1-MLH3	complexes.	h,	 Protein	 interaction	assay	1158 
with	 immobilized	 yeast	 Msh4-Msh5	 (bait)	 and	 yeast	 Mlh1-Mlh3	 (prey).	 The	1159 
 36 
eluted	 proteins	were	 analyzed	 by	western	 blotting.	 i,	 Electrophoretic	mobility	1160 
shift	 assays	with	MLH1-MLH3	and	MSH4-MSH5,	 as	 indicated,	 and	oligonucleo-1161 




bound	 the	dsDNA	ends	 of	 the	 four	HJ	 arms,	 resulting	 in	 up	 to	4	 heterodimers	1166 











or	 nuclease-dead	 MLH1-MLH3	 (D1223N-Q1224K-E1229K,	 3ND).	 The	 assays	1178 
were	carried	out	at	30	°C	in	the	presence	of	5	mM	manganese	acetate	and	0.5	mM	1179 











MLH3	and	MSH4-MSH5,	as	 indicated,	 in	 the	presence	of	various	nucleotide	co-1191 









iants	 used	 in	 this	 study.	MSH4(G685A),	MSH4(GA);	MSH5(G597A),	MSH5(GA).	1200 
The	 4-15%	 gradient	 polyacrylamide	 gel	 was	 stained	 with	 Coomassie	 Blue.	 h,	1201 
Quantitation	 of	 electrophoretic	mobility	 shift	 assays	with	MSH4-MSH5	 and	 its	1202 













































electrophoretic	 mobility	 shift	 assays	 with	 MLH1-MLH3,	 MSH4-MSH5	 and	1247 
EXO1(D173A),	as	indicated.	The	protein-DNA	species	were	resolved	in	1%	aga-1248 
rose	gels.	Averages	shown;	error	bars,	SEM;	n=5.	EXO1(D173A)	did	not	notably	1249 
affect	 DNA	 binding	 of	 MLH1-MLH3	 and	MSH4-MSH5.	 e,	 Nuclease	 assays	 with	1250 
MLH1-MLH3,	 MSH4-MSH5	 with	 either	 human	 EXO1(D173A)	 or	 yeast	1251 
Exo1(D173A),	as	indicated.	The	assays	were	carried	out	at	30	°C	in	the	presence	1252 
of	 5	mM	manganese	 acetate	 and	 0.5	mM	ATP.	 A	 representative	 experiment	 is	1253 
shown	at	the	bottom,	a	quantitation	(averages	shown;	n=5;	error	bars,	SEM)	at	1254 
the	top.	f,	Nuclease	assays	with	MLH1-MLH3,	MSH2-MSH3	and	EXO1(D173A),	as	1255 















and	 yRFC-hPCNA	 (50-100	 nM,	 respectively)	 (column	 1),	 without	MSH4-MSH5	1270 
(column	2)	or	without	hEXO1(D173A)	 (column	3).	Reactions	were	 carried	out	1271 
with	5	mM	magnesium	acetate	and	2	mM	ATP	at	37	°C.	Averages	shown;	error	1272 
bars,	 SEM;	 n≥4.	 e,	 Kinetic	 nuclease	 assays	 with	MLH1-MLH3	 (50	 nM),	 MSH4-1273 
MSH5	 (50	 nM),	 EXO1(D173A)	 (50	 nM)	 and	 yRFC-hPCNA	 (50-100	 nM,	 respec-1274 
tively),	as	indicated.	Reactions	were	carried	out	with	5	mM	magnesium	acetate	1275 
and	2	mM	ATP	at	37	°C.	Averages	shown;	error	bars,	SEM;	n≥5.	f,	Nuclease	assays	1276 

































tor	and	3	mM	EDTA	(no	magnesium).	Asterisk	(*)	 indicates	 the	position	of	 the	1309 




Nuclease	 assays	with	MSH4-MSH5	 (50	nM),	 EXO1(D173A)	 (50	nM)	 and	yRFC-1314 
hPCNA	(50-100	nM),	and	a	respective	MLH1-MLH3	variant,	as	indicated	(see	Fig.	1315 
3b).	Mutations	 in	 the	PIP-box	 like	motif	reduce	the	stimulation	of	 the	nuclease	1316 
ensemble	by	RFC-PCNA.	The	assays	were	carried	out	with	5	mM	magnesium	ace-1317 
tate	 and	 2	 mM	 ATP	 at	 37	 °C.	 Averages	 shown;	 error	 bars,	 SEM,	 n=5.	 d,	 The	1318 
EXO1P(D173A)	variant	with	mutated	PIP-box	motif	(see	Fig.	3b)	is	not	affected	in	1319 


































bination	 intermediates	 by	 the	 MLH3	 nuclease	 ensemble.	 Meiotic	 dsDNA	1353 
breaks	 (a)	 are	 resected	 (1)	 and	 the	 resulting	DNA	overhang	 invades	matching	1354 
 42 
DNA	on	a	homologous	chromosome	(2).	The	unstable	D-Loop	intermediates	(b)	1355 
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Extended Data Figure 1
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Extended Data Figure 3
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Extended Data Figure 4








































































































































































































































































































































Extended Data Figure 5
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Extended Data Figure 10
